Singlet Pathway to the Ground State of Ultracold Polar Molecules by Yang, Anbang et al.
ar
X
iv
:1
90
8.
02
70
3v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 7 
Au
g 2
01
9
Singlet Pathway to the Ground State of Ultracold Polar Molecules
A. Yang,1 S. Botsi,1 S. Kumar,1 S. B. Pal,1 M. M. Lam,1 I. Cˇepaite˙,1 A. Laugharn,1 and K. Dieckmann1, 2, ∗
1Centre for Quantum Technologies (CQT), 3 Science Drive 2, Singapore 117543
2Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117542
(Dated: August 8, 2019)
Starting from weakly bound Feshbach molecules, we demonstrate a two-photon pathway to the
dipolar ground state of bi-alkali molecules that involves only singlet-to-singlet optical transitions.
This pathway eliminates the search for a suitable intermediate state with sufficient singlet-triplet
mixing and the exploration of its hyperfine structure, as is typical for pathways starting from triplet
dominated Feshbach molecules. By selecting a Feshbach state with a stretched singlet hyperfine
component and controlling the polarization of the excitation laser, we assure coupling to only a
single hyperfine component of the A1Σ+ excited potential, even if the hyperfine structure is not
resolved. Similarly, we address a stretched hyperfine component of the X1Σ+ rovibrational ground
state, and therefore an ideal three level system is established. We demonstrate this pathway with
6Li40K molecules. By exploring deeply bound states of the A1Σ+ potential, we are able to obtain
large and balanced Rabi frequencies for both transitions. This method can be applied to other
molecular species.
The rich physics of ultracold dipolar quantum gases
[1, 2] based on the long-range and anisotropic interaction
has moved into the focus of many experimental research
activities. Studies on Rydberg atoms [3, 4] and recent
results with strongly magnetic atoms [5, 6] represent two
important realizations of dipolar systems. A third ap-
proach is using polar molecules, which combine strong
dipolar interactions and long lifetimes when trapped in
deep optical lattices or low dimensional traps. There-
fore, they are prominent candidates for research in the
areas of quantum simulation [7, 8] and quantum infor-
mation [9–11]. Moreover, polar molecules are an impor-
tant platform for metrology [12–14] and are a testbed
for ultracold chemistry [15–18]. For the difficult task of
producing trapped ultracold molecular samples several
methods were explored [19–22], and over the recent years
much progress was made with laser cooling of molecules
from a buffer gas source [23]. However, the highest num-
bers and densities and lowest temperatures for ultracold
molecular samples were produced by association of ul-
tracold atoms via magnetically tunable Feshbach reso-
nances [24]. To access large dipole moments, such weakly
bound molecules need to be transferred into their rovi-
brational ground state by stimulated Raman adiabatic
passage (STIRAP) [25]. The ground state was achieved
for several heteronuclear bi-alkali combinations [26–30].
This bottom-up approach is the only one that recently
reached the remarkable milestone of quantum degeneracy
for the case of KRb [31]. To obtain molecules with higher
ground state dipole moments other bi-alkali combinations
with larger mass ratios are being investigated. Obtaining
efficient ground state transfer requires as a cornerstone
studying the molecular structure and identifying a suit-
able electronically excited state. Most experiments so
far follow the strategy that was pioneered in KRb [26]
by using an intermediate excited state of mixed singlet
and triplet character. This facilitates a coherent trans-
fer from a Feshbach molecule state with triplet character
to the singlet ground state. To gain full control over
the molecular state, spectroscopically resolved hyperfine
components of the excited state need to be identified,
as coupling to unresolved hyperfine levels will lead to a
low STIRAP efficiency [32]. Identifying such states typ-
ically requires extensive spectroscopic surveys [33–38] to
find states where the triplet admixture leads to large hy-
perfine splitting, while the singlet admixture is strong
enough to address the ground state. Moreover, even if
the hyperfine structure is resolved, off-resonant coupling
to other hyperfine components of the intermediate state
can lead to an undesired superposition of several hyper-
fine components of the ground state [39].
In this letter, we present a pathway to the ground state
that avoids the use of perturbed potentials by only using
singlet-to-singlet transitions for both pump and Stokes
couplings as illustrated in Fig. 1. For addressing the
X1Σ+ rovibrational ground state of the molecules, the
A1Σ+ potential is explored to search for a suitable in-
termediate state. Here, we demonstrate that by making
use of deeply bound vibrational states in this potential,
we are able to achieve sufficient Franck-Condon factors
(FCF) to the ground state with moderate laser powers.
The use of deeply bound vibrational states has the ad-
vantage that states of mixed singlet-triplet character are
less frequent, due to the larger level spacing. To allow
for the excitation to the unperturbed A1Σ+ potential, it
is necessary to employ a Feshbach resonance with signif-
icant admixture from the singlet ground state potential.
For the A1Σ+ potential, its hyperfine structure is typi-
cally not resolved due to the absence of spin and internal
magnetic field. We then demonstrate how to address a
sole hyperfine component of the ground state, even if the
hyperfine structure of the excited state is not resolvable.
Our pathway is facilitated by selecting the Feshbach res-
onance, such that the singlet admixture to the Feshbach
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FIG. 1. Potential energy curves of 6Li40K molecules. The
pump beam is used to couple the singlet component of the
Feshbach molecules (X1Σ+ |v′′ = 47〉) to a deeply bound vi-
brational state of the A1Σ+ potential with Rabi frequency
Ωp. From there the Stokes beam couples to the rovibrational
ground state in the X1Σ+ potential with ΩS.
molecular state consists of only one hyperfine component.
This singlet component corresponds to a fully stretched
state of the nuclear spin projections. Starting from the
stretched state and applying circularly polarized spec-
troscopy light ensures that only one ground state hy-
perfine component can be addressed. In the following,
this scheme is applied to 6Li40K molecules. We describe
the selection of a suitable Feshbach state and present our
spectroscopic results for several deeply bound vibrational
states of the A1Σ+ potential as well as our measurements
of the ground state by two-photon spectroscopy.
Our experiments start from a quantum degenerate
mixture of 105 6Li and 8 × 104 40K atoms in a mag-
netic trap, which is sympathetically cooled via evapora-
tive cooling of 87Rb [40]. After expunging 87Rb from the
magnetic trap, the Fermi-Fermi mixture is transferred
into a crossed optical dipole trap. This is followed by
preparation of suitable atomic hyperfine states and mag-
neto-association of typically 104 Feshbach molecules [41].
The molecules are detected by absorption imaging in the
presence of the magnetic field after Feshbach molecular
association, where atoms and weakly bound molecules
can be simultaneously detected. We reduce the back-
ground due to remaining unbound 6Li atoms by trans-
ferring them to a different Zeeman level, which is off-res-
onant to the imaging light.
For the molecular association in previous work we
employed a Feshbach resonance at 15.54mT [41]. To
select an initial molecular state for the spectroscopy
that contains a sole singlet admixture, we use a differ-
ent Feshbach resonance at 21.56mT. This is achieved
by preparing the lithium and potassium atoms in the∣
∣FLi = 12 ,mF,Li = −
1
2
〉
and
∣
∣FK = 92 ,mF,K = −
9
2
〉
hyper-
fine states respectively, where F is the hyperfine quantum
number, and mF is the projection of hyperfine angular
momentum on the quantization axis. The sum of the pro-
jection quantum numbers isM = −5, which is conserved
during molecule formation. As most Feshbach resonances
of the 6Li − 40K mixture are narrow [42], the closed
molecular channel should be considered. In the molecu-
lar basis |S,mS ,mI,Li,mI,K〉, the total projection quan-
tum number then equals to M = mS +mI,Li +mI,K =
−5. Hence, only one spin singlet and three spin triplet
states contribute to the closed channel: |0, 0,−1,−4〉,
|1, 0,−1,−4〉, |1,−1, 0,−4〉, and |1,−1,−1,−3〉. Since
the nuclear spin quantum numbers are ILi = 1 and
IK = 4, the only contributing spin singlet state is fully
stretched. The singlet and triplet states are mixed by
the hyperfine coupling, which can be well described by
the Asymptotic Bound State Model [43]. Based on this,
we estimate the admixture of the spin singlet state to the
molecular eigenstate at the Feshbach resonance to be 52%
[44]. This significant singlet character of the Feshbach
state is an excellent starting point for the spectroscopy
of A1Σ+.
To search for a suitable intermediate state for locating
the ground state, we study the excitation from the ini-
tial Feshbach state X1Σ+ |v′′ = 47, J ′′ = 0〉 to the rota-
tional excited states in A1Σ+ potential A1Σ+ |v′, J ′ = 1〉
as shown in Fig. 1, where v is the vibrational quantum
number. Since only 1Σ states are involved and the J ′′ =
0 → J ′ = 0 transition is forbidden for the total angular
momentum J of the molecules, the quantum number N
for molecular rotation is not conserved. Hence, starting
from a Feshbach state with N ′′ = 0, we can only probe
excited states of A1Σ+ with N ′ = 1. As a consequence,
the rotational angular momentum projection mN needs
to be considered. In the extended uncoupled molecu-
lar basis |S,mS ,mI,Li,mI,K, N,mN 〉 the following three
states are possible |0, 0,−1,−4, 1, 0〉, |0, 0, 0,−4, 1,−1〉,
|0, 0,−1,−3, 1,−1〉, if we drive pi transitions and the to-
tal projectionM = mI,K+mI,Li+mN = −5 is conserved.
These states can be mixed due to hyperfine coupling orig-
inating from nuclear-spin rotation, nuclear quadrupole,
and the nuclear-spin dipole interactions. In the A1Σ+ po-
tential the hyperfine coupling constants are expected to
be small [44] and the hyperfine structure is not resolved.
Therefore, the excitation can couple to different hyper-
fine components. To achieve excitation to the sole singlet
hyperfine component |0, 0,−1,−4, 1,−1〉 in the A1Σ+ po-
tential, we apply σ−-polarized light. As stretched states
do not couple, this argument is also valid, if the hyper-
fine coupled basis is considered. Since our Feshbach state
is in |F ′′ = 5,m′′F = −5〉, the addressable excited hyper-
fine states are F ′ = 4, 5, 6. With σ− polarization we can
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FIG. 2. Franck-Condon overlap factors (FCF) of the vibra-
tional states of the A1Σ+ potential with (a) the molecular
Feshbach state and (b) the lowest vibrational states of the
X1Σ+ potential. Detail of the calculation of the FCFs is given
in the supplemental material [44]. The vertical lines indicate
the wavelengths at which we identified vibrational states in
the experiment. The lines connecting the points are a guide
to the eye.
address only the |F ′ = 6,m′F = −6〉 stretched state.
A suitable intermediate vibrational state of the A1Σ+
potential needs to have a good FCF with the Feshbach
molecular state as well as the vibrational ground state of
the X1Σ+ potential. On the one hand, the overlap with
the ground state is favorable, if deeply bound vibrational
states at long wavelengths are used, as shown in Fig. 2(b).
On the other hand, at long wavelengths the good overlap
with the singlet component of the closed channel domi-
nated Feshbach molecular state ceases, as inferred from
Fig. 2(a). In the experiment we cover a wavelength range
of 1038 nm - 1120 nm, where good FCFs for both Pump
and Stokes transitions are expected. It should be noted
that the variation of the transition strength throughout
this range is determined by the vibrational wave-function
overlap. This is because for the X1Σ+ → A1Σ+ transi-
tion the transition dipole matrix element (TDM) does
not vary significantly with the internuclear distance, as
we find from our ab-initio calculation [44].
We perform one-photon spectroscopy for the A1Σ+ vi-
brational levels by switching off the optical dipole trap
and applying laser pulses during time-of-flight (TOF) be-
fore imaging. We use a gain-chip laser diode, which is
stabilized by a tunable frequency offset lock to a high-
finesse optical resonator. The laser frequency is deter-
mined with 1MHz resolution using a beat setup with
an optical frequency comb system. Our identification of
the transition lines is facilitated by previous polarization
labeling spectroscopy in a heat pipe [45]. By mass scal-
ing of the Dunham coefficients determined by this work
to the 6Li40K isotopologue [44], we are able to address
individual vibrational states. Here, the large level sep-
aration occurring for deeply bound states leads to the
unambiguous assignment of the vibrational level index.
The locations of seven deeply bound excited states are
measured with highly resolving spectroscopy, and given
in Tab. I. As an example, the spectrum for the transition
to A1Σ+ |v′ = 23〉 is shown in Fig. 3(a). The laser inten-
sity is reduced to avoid line broadening. From simulta-
neous curve fitting to the observed spectrum, Fig. 3(b),
and the exponential decay of the molecular number with
the irradiation time, Fig. 3(c), the transition strength is
inferred from the normalized Rabi frequency Ω¯p. Consis-
tent with the prediction of the FCFs shown in Fig. 2(a),
we do not observe a reduction of the transition strength
of this state as compared with the strengths measured at
lower wavelengths as summarized in Tab. I.
An important feature of all observed lines is the ab-
sence of hyperfine-structure for the measured linewidth
of 5MHz, if the excitation is driven by σ− light. This
is expected as the stretched hyperfine state is the only
available final state. An observable hyperfine structure is
expected to occur for spin-triplet states. In this case, the
atomic hyperfine splitting for potassium atoms of a few
tens of MHz can be used as an estimate for the molecular
case. Since no hyperfine structure is observed over the
160MHz span of the measurement shown in Fig. 3(a), it
can be excluded that the observed vibrational states are
perturbed by a significant contribution of the b3Π states
via spin-orbit coupling [44]. Further, in similar measure-
ments no hyperfine structure is resolved, if the excitation
is driven with pi-polarized light, which allows to address
several hyperfine states. This is consistent with estimates
of the dominant quadrupole hyperfine interaction for the
A1Σ+ potential based on ab-initio calculations [44].
To address the low lying vibrational states of the
X1Σ+ ground state, we make use of the stretched hy-
perfine state |0, 0,−1,−4, 1,−1〉 of the A1Σ+ potential
as an intermediate state with projection quantum num-
X1Σ+ |v′′ = 47〉 → A1Σ+ |v′〉
v′ f (THz) Ω¯P (kHz/
√
mW/cm2)
23 267.842232(1) 2pi × 2.3(2)
24 271.383075(1) 2pi × 1.6(2)
25 274.898734(2) 2pi × 5.1(2)
26 278.388059(2) 2pi × 0.7(1)
27 281.846301(1) 2pi × 8.8(3)
28 285.281804(1) 2pi × 3.0(3)
29 288.688289(1) 2pi × 3.1(3)
TABLE I. Measured resonant frequencies and normalized
Rabi frequencies of transitions from X1Σ+ |v′′ = 47〉 to deeply
bound A1Σ+ |v′ = 23− 29〉 excited states.
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FIG. 3. Spectroscopy of the A1Σ+ |v′ = 23〉 excited state.
The transition resonance is reflected as molecule number
losses. (a) Broad spectrum to exclude hyperfine structure
originated from accidental perturbation caused by b3Π; (b)
Spectrum with reduced laser power; (c) The decay data for
resonant irradiation.
ber M ′ = −6. For the rovibrational ground state with
N ′′ = 0, only the stretched hyperfine component with
M ′′ = −5 can couple to the excited state. In this case
σ−-polarized Stokes light needs to be applied. Conse-
quently, off-resonant coupling to other hyperfine states is
prevented for both transitions.
We perform two-photon spectroscopy during TOF to
determine the energy difference between the rovibrational
ground state and the intermediate state. For the spec-
troscopy, a pump pulse duration of 18µs is used and the
Stokes pulse is switched on and off 2µs earlier and re-
spectively later than the pump pulse.
The search for the ground state levels is assisted by the
X1Σ+ potential curve of [46]. We first identify the transi-
tion frequencies to X1Σ+ |v′′ = 3〉 by scanning the Stokes
laser detuning, while keeping the pump laser on reso-
nance with respect to the transition to A1Σ+ |v′ = 29〉.
The Stokes light is derived from a low power diode laser
system. As shown in Fig. 2(b), lower vibrational states
have significantly smaller FCFs. Therefore, it is impossi-
ble to address the X1Σ+ |v′′ = 0〉 with the same interme-
diate state, unless laser power of several Watts is avail-
able.
To facilitate the search via other intermediate vibra-
tional levels we make use of a tunable dye laser system
(Coherent 699). The DCM dye in use covers a wave-
length range of 640−690 nm with a power up to 300mW
applied to the molecules. The frequency of the dye laser
is controlled by our previously described interferometric
laser frequency stabilization [47], which allows continuous
in-lock scanning of the frequency over many gigahertz in
(a) A1Σ+ |v′ = 29〉 → X1Σ+ |v′′〉
v′′ f (THz) Ω¯S (kHz/
√
mW/cm2)
2 458.389566(5) 2pi × 43(8)
3 451.871767(10) 2pi × 152(52)
(b) A1Σ+ |v′ = 23〉 → X1Σ+ |v′′〉
v′′ f (THz) Ω¯S (kHz/
√
mW/cm2)
0 450.841975(2) 2pi × 12(2)
1 444.148838(5) 2pi × 84(18)
2 437.543516(8) 2pi × 256(59)
TABLE II. Measured resonance frequencies and normalized
Rabi freqencies for the coupling (a) between A1Σ+ |v′ = 29〉
and low lying X1Σ+ |v′′ = 2− 3〉; (b) between A1Σ+ |v′ = 23〉
and X1Σ+ |v′′ = 0− 2〉 using pi polarization as initially the
hyperfine coupling of excited states is not considered.
steps of 1MHz. A more deeply bound intermediate state
A1Σ+ |v′ = 23〉 is utilized to access the low lying vibra-
tional states including the X1Σ+ |v′′ = 0〉 with sufficient
FCFs. All measured transition frequencies are summa-
rized in Tab. II(b). The predicted frequencies deviate
from the measured values by approximately 3GHz, which
is within the uncertainty of 6GHz given in [46].
The results of two-photon spectroscopy for measuring
the ground state energy for the X1Σ+ |v′′ = 0, N ′′ = 0〉
state are shown in Fig. 4. In Fig. 4(a), the Feshbach
molecular signal is restored due to the Autler-Townes ef-
fect, if the Stokes laser is tuned to resonance. If the
polarization of the Stokes laser is changed to σ+, no
coupling is expected and therefore no line is observed.
Fig. 4(b) shows the Autler-Townes splitting (ATS) by
keeping the Stokes laser on resonance and scanning the
pump laser frequency. To confirm the correct assignment
of the ground state, we address the rotationally exited
|v′′ = 0, N ′′ = 2〉 state, as shown in Fig. 4(c). From the
separation of the two resonance signals a rotational con-
stant of B0 = h× 8.742(3)GHz is inferred.
The transition strengths Ω¯S to the X
1Σ+ vibrational
states are obtained from the measured widths of the spec-
tra as shown in Fig. 4(a) and the applied laser intensi-
ties. The results are shown in Tab. II. The scaling of
the transition strengths between different lines is in good
agreement with the ratio of the respective FCFs shown
in Fig. 2(b). The strong coupling to the v′′ = 0 ground
state can be inferred from the observed ATS, which shows
a Stokes Rabi frequency ΩS around 2pi × 8MHz. ΩS
of 500 kHz can be achieved, even if we switch to a low
power diode laser. As the measured Rabi frequency for
the pump excitation is of the same order, we have estab-
lished favorable conditions for a fast STIRAP transfer.
While our pathway method was demonstrated here for
the case of 6Li40K, it can be applied to other bi-alkali
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FIG. 4. Spectroscopy of X1Σ+ |v′′ = 0〉 ground state using
A1Σ+ |v′ = 23, N ′ = 1〉 as an intermediate state: (a) The
pump laser with σ− polarization is tuned to one photon
resonance. The Stokes-laser frequency is scanned using σ−
and σ+ polarization. (b) Both pump and Stokes beams are
σ−-polarized. The Stokes laser is fixed on two-photon reso-
nance, while the pump-laser detuning is scanned. (c) Two
photon spectroscopy including the rotational excited state
X1Σ+ |v′′ = 0, N ′′ = 2〉: the rotation energy, which is indi-
cated by the energy difference between the rotational ground
state and excited state, is given by EN′′ = B0N
′′(N ′′ + 1).
The transition to N ′′ = 1 is not observed due to the selection
rule ∆N = ±1.
molecules, where a Feshbach state can be found that con-
tains singlet admixture, like LiCs or KCs. Other molec-
ular species that are currently studied, like LiYb, RbSr,
and CsYb, have only spin-doublet ground and excited
electronic states. We believe that the method of using a
single stretched hyperfine state can be extended to such
molecules.
To conclude, we demonstrated a pathway to access the
rovibrational ground state of ultracold bi-alkali molecules
using only singlet states. We found that the A1Σ+ po-
tential offers good transition strengths to the Feshbach
and ground states with moderate laser powers. Starting
from a Feshbach state with a stretched hyperfine com-
ponent of the singlet admixture allows addressing a pure
hyperfine component of the ground state, even if the hy-
perfine structure is not resolved. An ideal three-level
system is established and is robust against off-resonant
coupling to other hyperfine components. This pathway
has the advantage that it does not require a singlet-triplet
mixing with fully resolved hyperfine structure in the ex-
cited state manifold. Our method is applicable to other
types of molecules and represents a simplified and effi-
cient pathway to their ground state.
We thank J.T.M. Walraven for helpful discussions on
this manuscript. This research is supported by the Na-
tional Research Foundation, Prime Ministers Office, Sin-
gapore and the Ministry of Education, Singapore under
the Research Centres of Excellence program. We further
acknowledge funding by the Singapore Ministry of Edu-
cation Academic Research Fund Tier 2 (grant MOE2015-
T2-1-098).
∗ Electronic address:phydk@nus.edu.sg
[1] C. Trefzger, C. Menotti, B. Capogrosso-Sansone, and
M. Lewenstein, J. Phys. B: At. Mol. Opt. Phys. 44,
193001 (2011).
[2] M. A. Baranov, M. Dalmonte, G. Pupillo, and P. Zoller,
Chem. Rev. 112, 5012 (2012).
[3] P. Schauss, J. Zeiher, T. Fukuhara, S. Hild, M. Cheneau,
T. Macri, T. Pohl, I. Bloch, and C. Gross, Science 347,
1455 (2015).
[4] H. Labuhn, D. Barredo, S. Ravets, S. de Leseleuc,
T. Macri, T. Lahaye, and A. Browaeys, Nature 534, 667+
(2016).
[5] F. Bo¨ttcher, J.-N. Schmidt, M. Wenzel, J. Hertkorn,
M. Guo, T. Langen, and T. Pfau, Phys. Rev. X 9, 011051
(2019).
[6] L. Chomaz, D. Petter, P. Ilzho¨fer, G. Natale, A. Traut-
mann, C. Politi, G. Durastante, R. M. W. van Bijnen,
A. Patscheider, M. Sohmen, M. J. Mark, and F. Ferlaino,
Phys. Rev. X 9, 021012 (2019).
[7] A. Micheli, G. K. Brennen, and P. Zoller, Nat. Phys. 2,
341 (2006).
[8] B. Gadway and B. Yan, J. Phys. B: At. Mol. Opt. Phys.
49, 152002 (2016).
[9] D. DeMille, Phys. Rev. Lett. 88, 067901 (2002).
[10] S. F. Yelin, K. Kirby, and R. Coˆte´, Phys. Rev. A 74,
050301(R) (2006).
[11] A. Andre´, D. DeMille, J. M. Doyle, M. D. Lukin, S. E.
Maxwell, P. Rabl, R. J. Schoelkopf, and P. Zoller, Nature
Phys. 2, 636 (2006).
[12] M. Kozlov and L. Labzowsky, J. Phys. B: At. Mol. Opt.
Phys. 28, 1933 (1995).
[13] E. R. Hudson, H. J. Lewandowski, B. C. Sawyer, and
J. Ye, Phys. Rev. Lett. 96, 143004 (2006).
[14] V. Andreev, D. G. Ang, D. DeMille, J. M. Doyle,
G. Gabrielse, J. Haefner, N. R. Hutzler, Z. Lasner,
C. Meisenhelder, B. R. O’Leary, C. D. Panda, A. D.
West, E. P. West, X. Wu, and A. Collaboration, Nature
562, 355 (2018).
[15] L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, New J.
Phys. 11, 055049 (2009).
[16] M. T. Bell and T. P. Softley, Mol. Phys. 107, 99 (2009).
[17] G. Que´me´ner and P. S. Julienne, Chem. Rev. 112, 4949
(2012).
[18] D. S. Jin and J. Ye, Chem. Rev. 112, 4801 (2012).
[19] R. Wynar, R. Freeland, D. Han, C. Ryu, and D. Heinzen,
Science 287, 1016 (2000).
[20] H. Bethlem, G. Berden, F. Crompvoets, R. Jongma,
A. van Roij, and G. Meijer, Nature 406, 491 (2000).
[21] S. D. Kraft, P. Staanum, J. Lange, L. Vogel, R. Wester,
6and M. Weidemueller, J. Phys. B: At. Mol. Opt. Phys.
39, S993 (2006).
[22] E. S. Shuman, J. F. Barry, and D. DeMille, Nature 467,
820 (2010).
[23] L. Anderegg, B. L. Augenbraun, Y. Bao, S. Burchesky,
L. W. Cheuk, W. Ketterle, and J. M. Doyle, Nat. Phys.
14, 890 (2018).
[24] T. Ko¨hler, K. Go´ral, and P. S. Julienne, Rev. Mod. Phys.
78, 1311 (2006).
[25] N. V. Vitanov, A. A. Rangelov, B. W. Shore, and
K. Bergmann, Rev. Mod. Phys. 89, 015006 (2017).
[26] K. K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne,
D. S. Jin, and J. Ye, Science 322, 231 (2008).
[27] T. Takekoshi, L. Reichso¨llner, A. Schindewolf, J. M. Hut-
son, C. R. Le Sueur, O. Dulieu, F. Ferlaino, R. Grimm,
and H.-C. Na¨gerl, Phys. Rev. Lett. 113, 205301 (2014).
[28] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P.
Ko¨ppinger, C. R. Le Sueur, C. L. Blackley, J. M. Hutson,
and S. L. Cornish, Phys. Rev. Lett. 113, 255301 (2014).
[29] J. W. Park, S. A. Will, and M. W. Zwierlein, Phys. Rev.
Lett. 114, 205302 (2015).
[30] M. Guo, B. Zhu, B. Lu, X. Ye, F. Wang, R. Vex-
iau, N. Bouloufa-Maafa, G. Que´me´ner, O. Dulieu, and
D. Wang, Phys. Rev. Lett. 116, 205303 (2016).
[31] L. De Marco, G. Valtolina, K. Matsuda, W. G. Tobias,
J. P. Covey, and J. Ye, Science 363, 853 (2019).
[32] N. V. Vitanov and S. Stenholm, Phys. Rev. A 60, 3820
(1999).
[33] S. Kotochigova, E. Tiesinga, and P. S. Julienne, New J.
Phys. 11, 055043 (2009).
[34] M. Debatin, T. Takekoshi, R. Rameshan, L. Reichsoell-
ner, F. Ferlaino, R. Grimm, R. Vexiau, N. Bouloufa,
O. Dulieu, and H.-C. Na¨gerl, Phys. Chem. Chem. Phys.
13, 18926 (2011).
[35] P. Zabawa, A. Wakim, M. Haruza, and N. P. Bigelow,
Phys. Rev. A 84, 061401(R) (2011).
[36] J. W. Park, S. A. Will, and M. W. Zwierlein, New J.
Phys. 17, 075016 (2015).
[37] M. Guo, R. Vexiau, B. Zhu, B. Lu, N. Bouloufa-Maafa,
O. Dulieu, and D. Wang, Phys. Rev. A 96, 052505 (2017).
[38] T. M. Rvachov, H. Son, J. J. Park, S. Ebadi, M. W.
Zwierlein, W. Ketterle, and A. O. Jamison, Phys. Chem.
Chem. Phys. 20, 4739 (2018).
[39] L. Liu, D.-C. Zhang, H. Yang, Y.-X. Liu, J. Nan, J. Rui,
B. Zhao, and J.-W. Pan, Phys Rev. Lett. 122, 253201
(2019).
[40] M. Taglieber, A.-C. Voigt, T. Aoki, T. W. Ha¨nsch, and
K. Dieckmann, Phys. Rev. Lett. 100, 010401 (2008).
[41] A.-C. Voigt, M. Taglieber, L. Costa, T. Aoki, W. Wieser,
T. W. Ha¨nsch, and K. Dieckmann, Phys. Rev. Lett. 102,
020405 (2009).
[42] E. Wille, F. M. Spiegelhalder, G. Kerner, D. Naik,
A. Trenkwalder, G. Hendl, F. Schreck, R. Grimm, T. G.
Tiecke, J. T. M. Walraven, S. J. J. M. F. Kokkelmans,
E. Tiesinga, and P. S. Julienne, Phys. Rev. Lett. 100,
053201 (2008).
[43] T. G. Tiecke, M. R. Goosen, J. T. M. Walraven, and S. J.
J. M. F. Kokkelmans, Phys. Rev. A 82, 042712 (2010).
[44] See Supplemental Material at [URL will be inserted by
publisher] for details on our asymptotic bound state cal-
culation, mass scaling of spectroscopic data of [22], and
calculations of the Franck-Condon factors, hyperfine cou-
pling constants, spin-orbit coupling constants, and tran-
sition dipole matrix elements.
[45] A. Grochola, J. Szczepkowski, W. Jastrzebski, and P. Ko-
walczyk, Chem. Phys. Lett. 535, 17 (2012).
[46] E. Tiemann, H. Kno¨ckel, P. Kowalczyk, W. Jastrzebski,
A. Pashov, H. Salami, and A. J. Ross, Phys. Rev. A 79,
042716 (2009).
[47] J. F. S. Brachmann, T. Kinder, and K. Dieckmann, Appl.
Opt. 51, 5517 (2012).
ar
X
iv
:1
90
8.
02
70
3v
1 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 7 
Au
g 2
01
9
Supplemental Material: Singlet Pathway to the Ground State of Ultracold Polar
Molecules
A. Yang,1 S. Botsi,1 S. Kumar,1 S. B. Pal,1 M. M. Lam,1 I. Cˇepaite˙,1 A. Laugharn,1 and K. Dieckmann1, 2, ∗
1Centre for Quantum Technologies (CQT), 3 Science Drive 2, Singapore 117543
2Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117542
SUPPLEMENTAL MATERIAL
In this document we describe methods used for model-
ing 6Li40K molecules. By means of the asymptotic bound
state model we investigate the closed channel state com-
position of our Feshbach molecules. Then, mass scaling
of literature data that allows us to identify spectroscopic
transition lines of the A1Σ+ potential is described. Fur-
ther, from ab-initio calculations we infer the Franck-Con-
don overlap factors, the spin-orbit coupling constants,
and the relevant hyperfine coupling constants for the in-
terpretation of our spectroscopic measurements.
Asymptotic-Bound-State Model (ABM)
The asymptotic-bound-state model was introduced by
[1] as an alternative to coupled channels calculations for
the description of Feshbach resonances. In this model
the energy of the weakest bound vibrational level of the
molecule at zero magnetic field is assumed as a free pa-
rameter. The Zeeman shift of this level with respect to
the atomic states of the entrance channel is then com-
puted to give an estimate of the location of the Fesh-
bach resonance. The binding energy is then varied to
fit the resonant magnetic field to empirical data. For
the case of 6Li40K the model was extended to include
the hyperfine interaction [2], which couples the hyperfine
components of the weakest bound vibrational states of
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FIG. 1. Composition of the resonant molecular eigenstate in
terms of singlet and triplet components.
the singlet and triplet potentials. This became necessary
as the separation between the weakest singlet and triplet
bound states is of similar magnitude than the hyperfine
coupling. For asymptotic bound states the atomic hy-
perfine constants are a good approximation. Further, for
our case of 6Li40K most Feshbach resonances are narrow.
Thus, the coupling between the closed molecular channel
and the entrance channel can be neglected. Later, the
asymptotic-bound-state model was extended to include
the coupling for 6Li40K and KRb [3, 4] and applied to
other cases of Feshbach resonances in heteronuclear mix-
tures like LiCs [5], LiRb [6], and NaK [7].
For our purposes we resort to the simple model without
coupling as described in [2]. Using the binding energies
of the weakest bound states determined by this work,
we diagonalize the hyperfine and Zeeman Hamiltonians
for varying magnetic field in the molecular basis. To
evaluate the case involving the stretched singlet state as
discussed in the main text, we choose the total sum of
the projection quantum numbers to be M = −5. After
diagonalization the eigenstate of the resonant molecular
level for the Feshbach resonance at 21.56mT is identified.
We then determine the composition of this state in terms
of hyperfine components in the uncoupled molecular basis
|S,mS ,mI,Li,mI,K〉 as shown in Fig. 1. While at zero
magnetic field the state has only triplet character, at the
location of the resonance the admixture of the singlet
state is 52%. This represents a favorable condition for
a strong transition to excited electronic states of singlet
character, in particular the A1Σ+ state.
Mass scaling of spectroscopic data
To identify the vibrational levels in the A1Σ+ poten-
tial we rely on previous work on polarization labeling
spectroscopy in a heat-pipe [8]. In this work a broad
range of rovibrationally excited states was observed and
fitted by a Dunham expansion. For our case of address-
ing deeply bound vibrational states, we can make use of
the Dunham coefficients Y ′k,l to predict the location of
the vibrational lines presented in the main text in Tab. I.
However, since the heat pipe spectroscopy was performed
with the 7Li39K isotopologue, the Dunham coefficients
need to be mass-scaled by the ratio of the reduced masses
µ˜ = µ
(
7Li39K
)
/µ
(
6Li40K
)
. We obtain the predicted
transition energies from the Dunham expansion with the
2simple mass scaling [9]
E′ (v′, N ′) = h c
∑
k,l
µ˜l+
k
2 Y ′k,l
(
v′ +
1
2
)k
(N ′ (N ′ + 1))
l
−h cDe′′
(
X1Σ+
)
−∆E′′ZM .
The Dunham coefficients for the A1Σ+ potential are de-
termined from transitions originating from the X1Σ+ po-
tential and referenced to E′′(v′′ = −1/2) [10]. It is then
a good approximation to subtract the depth of the elec-
tronic ground state potential De′′
(
X1Σ+
)
, which we take
from [11]. Further, a ∆E′′ZM = −472.5MHz Zeeman
shift of the electronic molecular ground state, which is
determined from the above described ABM calculation,
is considered to extrapolate the prediction to the Fesh-
bach magnetic field applied during the spectroscopy. The
small Zeeman shift of the excited state originating from
the rotational excitation is neglected.
Two uncertainties contribute to the uncertainty of the
predicted energies. Firstly, the uncertainty of the depth
of the ground state potential is about 6GHz [11]. Sec-
ondly, the spectral resolution in [8] is given to be 3GHz.
Hence, we find that the observed transition lines with a
maximal deviation of 10.3GHz from the predicted val-
ues are in good agreement with the prediction from mass
scaling. Since the level vibrational spacing at 1119 nm
excitation wavelength is approximately 1.5THz we at-
tain an unambiguous assignment of the vibrational level
index. Vibrational lines of the B1Π potential can be ex-
cluded, as its minimum is at much higher energies. As
discussed in the main text vibrational states from the
triplet potentials can be excluded as a resolved hyperfine
structure would be expected.
Ab-initio calculations
Ab-initio calculations of the molecular electronic en-
ergy levels do by far not reach an accuracy that is com-
parable to the typical spectroscopic resolutions, which in
our case is about 1MHz. This becomes apparent by using
the ab-initio potential energy curves (PECs) by [12] for
the calculation of the vibrational eigenstates of the A1Σ+
potential. The transition lines from the ground state
calculated from this PECs differ by approximately 6 nm
from the measured values. Nevertheless, we find it useful
to determine trends in molecular properties derived from
such calculations as guidelines for experiments, and in
the following give an overview.
Franck-Condon factors and transition-dipole matrix elements
In order to obtain the transition strengths we calculate
the Franck-Condon factors for the transitions between
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FIG. 2. Electronic transition dipole matrix elements (TDM)
for electronic transitions in the 6Li40K molecule. For the
A1Σ+ the TDM does not strongly vary and slightly increases
from the asymptote with decreasing internuclear separation.
the ground state potential as given by [11] and the ex-
cited state potentials by [12]. We solve for the vibrational
states of these potentials by using the Fourier grid Hamil-
tonian method [13]. The results are given in the main
text in Fig. 2. As we address low-lying vibrational states
of the A1Σ+ potential, it is difficult to discern the Franck-
Condon points for the transition from the Feshbach state,
which extends to an outer turning point at a much larger
range, as can be seen in Fig. 1 of the main text. Hence,
it is interesting to study the dependence of the electronic
transition-dipole matrix element (TDM) with respect to
the internuclear separation. This is done by perform-
ing an ab-initio calculation with the MOLPRO software
package [14, 15] using the multi-reference configuration
interaction (MRCI) method [16–18]. The calculation em-
ploys Gaussian basis sets with nine valence electrons and
relativistic effective core potentials (ECP) for K [19] and
an accurate all-electron basis set for Li [20]. The re-
sulting TDMs are shown in Fig. 2 for the transition to
several excited state potentials. For the A1Σ+ potential
the TDM increases from the asymptote towards shorter
binding lengths. Hence, transitions to low-lying excited
vibrational states are expected to slightly increase, which
is beneficial to the spectroscopy scheme presented in this
work. The use of the A1Σ+ potential with large TDM
is advantageous as compared to transitions involving the
b3Π, where the TDM decreases at short range. This can
lead to a significant increase of laser power requirement
to drive the excitation to this state.
Spin-orbit coupling
Spin-orbit coupling between molecular excited states
is of great importance for the production of ground state
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FIG. 3. Spin-orbit coupling energies between various elec-
tronically excited states of the LiK molecule. The horizontal
dashed line indicates the value of the fine structure coupling
constant for 40K atoms [21]. The discrepancy between the
asymptotic value of the spin-orbit couplings and the atomic
value can be attributed to neglecting the second-order spin-
orbit couplings [22, 23] which are not treated by MOLPRO.
molecules since so far only excited molecular states of
mixed singlet and triplet character have been used to
address the singlet ground state after starting from a
triplet dominated Feshbach state. While in our case of
6Li40K the mixing in the excited state is not desired,
mixed states in particular of the A1Σ+ and b3Π poten-
tials are expected to occur, if the rovibrational states
of these potentials are nearly degenerate. To illustrate
this possibility for low lying vibrational states we calcu-
late the spin-orbit coupling constants throughout the full
range of the potentials with the MOLPRO software. The
calculation makes use of the basis sets previously stated
and the ECP approximation. The result in Fig. 3 shows
that the spin-orbit coupling constant is varying by less
than an order of magnitude throughout the range of the
potential allowing for the occurrence of mixed states at
all binding energies. In general the ab-initio PECs do
not predict the vibrational states accurately enough to
predict the energies at which mixed states occur. For
the transition lines to the A1Σ+ potential reported in
our work the mixed character can be excluded, since the
expected resolvable hyperfine structure for triplet states
is not observed.
Hyperfine coupling constants
For none of the observed transitions to the A1Σ+ po-
tential the hyperfine structure is resolved, even if linear
polarized light is used and several hyperfine components
are addressed. A larger hyperfine splitting is typically
only expected for triplet states, where there is a mag-
netic dipole-dipole interaction between the electronic and
nuclear spins or for states of Π symmetry, where an in-
ternal magnetic field can split the hyperfine components
due to the nuclear-spin Zeeman effect. To support this
argument we investigate the hyperfine coupling strength
for the A1Σ+ state, for which the dominant hyperfine
interaction is the nuclear quadrupole interaction. Other
contributions to the hyperfine energy of 1Σ states, the nu-
clear spin-rotation interaction and the nuclear-spin dipo-
lar interaction, typically are much smaller and not con-
sidered here. The nuclear quadrupole coupling constant
eQq0(X), where X is the atom for which the constant is
calculated, can be determined using the linear relation-
ship [24]
eQq0(X)[MHz] = 234.9647× q0(X)[a.u.]×Q(X)[b] .
Here q0(X) is the parallel component of the electric field
gradient at nucleus X in atomic units and Q(X) is its
nuclear quadrupole moment in barns (1 b = 10−28m).
The nuclear quadrupole moments used to determine
the constants are Q(6Li) = −8.0 × 10−4 b [25] and
Q(40K) = −75.0×10−3 b [26]. The electric field gradients
are inferred from ab-initio calculations using the DAL-
TON software package with the B3LYP density func-
tional and the 6-311+G* basis sets [27, 28]. To test the
accuracy of this method we calculate the gradient for
the X1Σ+ potential and find the value for 40K within
5% of the value in [29]. At an internuclear distance
of 3.95 × 10−10m, which corresponds to the internu-
clear distance for the deeply bound vibrational states of
the A1Σ+ potential under investigation, we find nuclear
quadrupole coupling constants of eQq0(
6Li) = 170Hz
and eQq0(
40K) = 2.97MHz. The small contribution from
the lithium nucleus can be neglected. This means that in
the strong Feshbach magnetic field in our experiment the
hyperfine coupling of the 6Li nucleus is lifted, and only
the coupling for the 40K nucleus remains dominant. The
value for potassium is close to the value for the atomic
quadrupole hyperfine interaction of 40K [21]. From this
value follows a span of 590 kHz for the three A1Σ+ hyper-
fine states that are addressable with linear polarization
in our experiment. This is consistent with the hyperfine
structure being not resolvable by the observed linewidth.
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